Abstract We argue that dynamic changes in DNA supercoiling in vivo determine both how DNA is packaged and how it is accessed for transcription and for other manipulations such as recombination. In both bacteria and eukaryotes, the principal generators of DNA superhelicity are DNA translocases, supplemented in bacteria by DNA gyrase. By generating gradients of superhelicity upstream and downstream of their site of activity, translocases enable the differential binding of proteins which preferentially interact with respectively more untwisted or more writhed DNA. Such preferences enable, in principle, the sequential binding of different classes of protein and so constitute an essential driver of chromatin organization.
Dynamic changes of DNA supercoiling act as a driving force behind the alterations of genetic activity and DNA compaction both in eukaryotes and prokaryotes. Both these processes involve formation of spatially organized nucleoprotein structures by DNA architectural proteins. Whereas in eukaryotes the paradigmal example is the histone octamer, in prokaryotes a similar function is attributed to a small class of highly abundant nucleoid-associated proteins. We argue that, depending on the primary sequence organization, the changes of superhelicity elicit various alterations of local DNA geometry, while these, in turn, facilitate the assembly of distinct nucleoprotein structures pertinent to genetic function. Genome-wide conversion of the superhelical energy into various three-dimensional DNA structures thus acts as an analogue code coordinating the energy supply with the genetic expression of the chromosome.
Recent studies make it increasingly clear that the DNA double helix carries at least two types of encoded information and that these include the well-known genetic code and the structural information determining the form and physical properties of the double helix itself. Since both these information types are inscribed in the same DNA sequence, and yet one is discrete whereas the other is continuous, they have been respectively dubbed the digital and analog DNA codes (Marr et al. 2008; Travers et al. 2012; Muskhelishvili and Travers 2013) . The potential of the DNA to adopt distinct configurations is strongly modulated by DNA supercoiling, which is increasingly recognized as one of the major forces coordinating the cellular DNA transactions in both prokaryotes (including Archaea) and eukaryotes.
DNA supercoiling can be generated by the simple application of torque to the double helix (Strick et al. 1998 ) but, importantly, because the DNA molecule itself possesses chirality-it is, after all, a right-handed double helix-the local structures stabilized by changes in superhelical density depend on both the sign and strength of the applied torque. For example, both positive and negative torque (respectively overand underwinding of the double helix) can change the intrinsic coiling of the double helix itself but in opposite senses. At This article is part of a Special Issue on 'DNA supercoiling, protein interactions and genetic function' edited by Laura Finzi and Wilma Olson. high superhelical densities, negative torque results ultimately in strand separation, often in short flexible regions flanked by rigid base steps, but can also induce the further coiling of the DNA duplex to form a superhelix writhing. Likewise, positive torque can also increase the writhing of the opposite sense in extended regions with flexible DNA but potentially also induces P DNA configuration with intertwined backbones inside and bases outside (Allemand et al. 1996) . Another example of the effects of chirality is the stability of DNA crossovers, which varies depending on their handedness (Harris et al. 2008) , an effect likely due to difference in the interacting surfaces of the juxtaposed helices (Varnai and Timsit 2010) . The sign of the crossover can have biological consequences, since it may in turn determine the efficiency of protein binding. For example, DNA gyrase wraps the DNA, preferentially stabilizing a positive crossover (Papillon et al. 2013) , whereas increased stiffness of the DNA due to changing the base composition and sequence substantially reduces the efficiency of gyrase binding and function (Oram et al. 2006; Fernández-Sierra et al. 2015) .
The configuration of supercoiled DNA is extremely sensitive to physical factors, such as, for example, temperature or salt concentration. Whereas increased temperature unwinds the DNA, negatively supercoiled small DNA circles adopt either a planar or plectonemic configuration in low and high salt, respectively (Bednar et al. 1994 ) because the screening counterions reduce both the effective diameter of the DNA and the repulsion between the negatively charged phosphate backbones of the juxtaposed duplexes in the superhelix (Fig. 1) . Again, the DNA in small circles has higher configurational entropy than in larger circles, which accommodate writhing by adopting a plectonemic form (Mitchell and Harris 2013) . DNA supercoiling may thus affect the number of configurations adopted by the DNA (Irobalieva et al. 2015) , or the volume of the configurational space (Bednar et al. 1994; Travers et al. 2012) . In other words, the repertoire of possible local structures will depend on the superhelical state of the DNA and the sign (either negative or positive) of coiling. The changing degree of superhelicity can be seen as a continuous mode of increased acquisition of particular geometries facilitated by the sign of coiling. For negative supercoiling, these geometries could be subsumed under the changes of writhe and twist*, 1 the distribution of which will depend on the sequence composition. Thus, while the DNA polymer is a superb molecule for sensing environmental conditions, the adopted gross configurations will have different consequences for the repertoire of available local geometries depending on the base sequence and composition. It is this repertoire, which is used by the DNA binding proteins for DNA transactions governing the genetic activity.
Effects of DNA sequence and base composition on DNA superhelical structures DNA is long, moderately flexible and heterogeneous polymer, with different DNA sequences conferring different physical properties. These properties-elasticity, melting and stacking energies, and bending anisotropy-respond differently to imposed torsion and accordingly influence protein binding to supercoiled DNA. One consequence of this heterogeneity is that, when torque is applied to a DNA molecule of mixed sequence, the superhelical energy is not distributed uniformly but instead is concentrated in structurally deformable sequences. One example is the transient strand separation observed in short regions of low melting energy, as exemplified by the −10 hexamers of certain prokaryotic promoters . In contrast, increased negative superhelicity can also increase the writhing (forming a true supercoil) of more elastic extended regions containing flexible base steps. The untwisting resulting in strand separation normally extends over a much shorter sequence than writhing and, consequently, the local superhelical density in such regions is much greater than where the superhelicity is manifest only as writhing. To take an extreme example, the superhelical density of a 10-bp transcription bubble is ∼−1 while the same superhelicity constrained by writhing in a nucleosome requires ∼125 bp with a resultant superhelical density of ∼−0.08. Since the average superhelical density in both the nucleoid and nucleus is lower (∼−0.06 to −0.07) inevitably some other DNA sequences will be less affected by the torsion.
These considerations have led to the concept of superhelicity-sensitive sequences (Hatfield and Benham 2002) , but analyses based simply on helix stability or a related parameter do not necessarily distinguish between sequences that writhe and those that preferentially untwist in response to negative supercoiling. This is likely because the responses of the DNA polymer are multiscalar (Fig. 2) . Untwisting resulting in strand separation is normally restricted to about a single double helical turn and local writhing to very approximately 10 double helical turns. The formation of higher order superhelical structures is also scale-dependent, with simple 'open' plectonemes with loops formed in supercoiled circular DNA containing several kb, while larger circles (above ∼15-20 kb) of the same superhelical density fold to form 'hyperplectonemes' with no prominent loops (Japaridze 2015) . For protein binding, it is the distinction between preferential untwisting and preferential writhing that is the most crucial. In part, this is simply a consequence of the multiscale response, as the elasticity of DNA limits the extent of bending that can accommodate writhing and so, for a given change in linkage number, a longer sequence is required. Additionally, the unstable sequences most susceptible to untwisting-and therefore able to accommodate a high superhelical densityare those which are bounded by short much more stable sequences which are less susceptible to torsional deformation.
Good examples of such sequences are the −10 hexamers of certain stable RNA promoters in E. coli and also TBP binding sites (TATA boxes) in eukaryotic promoters. Both are typically flanked by highly G/C-rich sequences. The topoisomerase II binding sites at the 3′ ends of some Saccharomyces cerevisiae and Drosophila melanogaster genes are an (Dong and Berger 2007) .
Another property relevant to the superhelical wrapping of DNA on a protein surface is bending anisotropy. This specifies the preferred directional bending of specific sequences, typically encompassing at least 5 or more successive basesteps. In contrast, the local deviations of the superhelical axis correlate with the roll deformations of individual base-steps. The extensive nature of bending anisotropy is reflected in the superhelical geometry. Thus, DNA wrapped on the surface of the histone octamer or around the three FIS (factor for inversion stimulation) dimers in tyrT UAS complex has a surface helical repeat of 10.2 bp. This number, being less than the intrinsic twist of 10.4-10.5 bp, reflects the writhing of DNA as a left-handed superhelix . This sequence periodicity (in the range 10.1-10.3 bp) is observed both in natural and SELEX-selected octamer binding sites. The periodicity is manifest as an averaged alternating pattern of A/T-rich and G/C-rich sequences spaced every helical turn, so that the A/T-rich sequences are located where the minor groove of DNA points toward the octamer and the G/C-rich sequences point away from the octamer. Such sequences can adopt a preferred direction (anisotropic) of bending and so occupy less configurational space than a fully flexible isotropically bendable sequence (Fig. 3) . Because this preferred bending direction conforms to the binding surface of the histone octamer, the resulting nucleosome is thermodynamically more stable (Anselmi et al. 2000) , reflecting the additional information encoded in the DNA. This represents a classic example of how increased spatial recurrence of readable information (sequence periodicity)-and therefore decreased Shannon entropy (Shannon 1948; Nigatu et al. 2016 )-is manifested as decreased thermodynamic entropy.
Negative DNA superhelicity can also induce the formation of other DNA structures that depart from the canonical DNA helix. These include cruciforms, slipped loops, Z-DNA, H-DNA and two-stranded structures containing the Gquadruplex motif (Lilley 1980; Singleton et al. 1982; Voloshin et al. 1992; Mace et al. 1983; Minyat et al. 1995; Sun and Hurley 2009; Kouzine et al. 2013; Selvam et al. 2014) . While these serve as binding sites for particular proteins, they may also function as topological switches to absorb or release superhelicity in topologically sensitive regions such as promoters (Travers and Muskhelishvili 2015) .
Gradients of superhelicity and protein binding
The application of torque to supercoiled DNA requires energy and, consequently, as has long been reognized, supercoiled DNA has a higher intrinsic energy than relaxed DNA. In both eukaryotes and bacteria, the average superhelical density of DNA-including both constrained and unconstrained regions-is ∼0.06-0.07. That is, each double-helical turn of turn is underwound by, on average, ∼6.5 %. This raises the questions of how the DNA acquires this superhelicity and the nature of the necessary energy source. In bacteria, the topoisomerase DNA gyrase uses ATP to insert negative superhelical turns into DNA (Gellert et al. 1976 ), but in eukaryotes, although present in chloroplasts and at least some mitochondria (Salvador et al. 1998; Stirdivant et al. 1985; Wall et al. 2004 ), this enzyme is apparently absent from the nucleus. Another mechanism, arguably more important, even in Fig. 3 Anisotropic bending reduces the configurational space available to a DNA chain. A preferred direction of bending-anisotropy-is conferred by particular sequence organisations and periodicity (and hence, more information) such as, for example, the alternating blocks of A/T and G/C rich sequences associated with DNA wrapping on the histone octamer. One consequence of reducing the degrees of configurational freedom is an increase in the summed vectorial stiffness of the duplex (the bicycle chain effect). In principle, the directionality of bending anisotropy can act either to promote or antagonize wrapping on a given protein surface bacteria, for generating superhelicity is the processive motion of certain DNA translocases. Of these, RNA polymerase is probably the most abundant and the most powerful (Yin et al. 1995) . In a ground-breaking paper, Liu and Wang (1987) pointed out that, while topoisomerases can establish and maintain an equilibrium state of supercoiling, transcription has the potential to generate transient changes in DNA supercoiling following the translocation of the protein complexes along the DNA. These transients arise as a direct consequence of the double helical structure of DNA. When proteins such as RNA polymerase move along DNA, they do not track linearly along the molecule, but instead, by following one or other of the grooves, rotate along a helical path (Harada et al. 2001 ). Many protein complexes are much more bulky than DNA and their freedom to rotate around the DNA may be constrained by molecular crowding creating viscous drag (Wang and Liu 1990) . In some cases, the translocating enzymes may even be restrained in a fixed spatial position by secondary physical attachment to extensive structures, such as membranes (Lodge et al. 1989; Lynch and Wang 1993; Bowater et al. 1994; Ma et al. 1994) . Under these circumstances, provided the rotation of the DNA molecule is also constrained, torsional strain is generated such that the DNA is overwound downstream of the advancing enzyme and underwound upstream (Fig. 4) . This twin-supercoil domain model plays a key role in the genetic and structural stabilization of chromosomes.
In principle, the net amount of superhelicity generated by translocase motion is zero, the upstream underwinding being equal and opposite to the downstream overwinding. Thus, the motion does not of itself explain why DNA in the nucleus is on average negatively supercoiled. A conversion of symmetric generation to an asymmetric steady state requires that the trapping and/or relaxation rates of positive and negative supercoils differ. Notably, nearly all the most abundant DNA binding proteins in both nuclei (e.g., histones) and bacterial nucleoids (e.g., HU, H-NS, FIS) constrain negatively supercoiled DNA. One exception is the DNA-binding protein Dps, which accumulates to high levels in bacterial nucleoids in the late stationary phase (Azam et al. 1999; FrenkielKrispin et al. 2001) , correlating with low energy availability and low average negative superhelical density (Bordes et al. 2003) . In contrast, no abundant DNA binding proteins that constrain positive supercoils have been described. The differential binding of negative supercoils by constraining proteins provides at least a partial explanation for the asymmetric retention of negative, rather than positive, superhelicity. Topological sinks at the 3′-end of transcribed genes can also facilitate the relaxation of positive superhelicity (Adryan et al., unpublished observations). Preferential storage of the DNA as a negative supercoil can also, on removal of the constraint, potentially facilitate the DNA unwinding required for the initiation of transcription and DNA replication. Another consequence of the Liu-Wang model is that, because the progression of a translocase such as RNA polymerase is unidirectional, so also is the eventual accumulation, if any, of the generated superhelicity. Such directionality is again consistent with the presence of a topological sink at the 3′-end of a transcribed gene.
An important feature of the Liu-Wang model-shown but not emphasised in the original publication (Liu and Wang 1987) -is that the superhelicity consequent on the motion Fig. 4 Generation of gradients of superhelicity ahead and behind a processive DNA translocase. The twist-writhe partition across a gradient will dpepend in part on the superhelical density. Upper cartoon adapted from Liu and Wang (1987) forms a density gradient outward from the site of generation (Fig. 4) to a point where it is dissipated by diffusion and/or relaxation. This implies that the physical properties of the supercoiled DNA-and hence the interactions with proteins-will depend on the physical distance from the active translocase. The propagation of superhelicity from its site of origin has profound implications for the regulation of both gene expression and chromatin structure. Any effects would depend on how far such gradients extend. Current estimates suggest that, depending on the strength of the signal, gradients may extend for up to a few kilobases (Krasilnikov et al. 1999; Moulin et al. 2005; Kouzine et al. 2008) , and therefore their influence will be local rather than global (Sobetzko 2016; Meyer and Beslon 2014) . Since transcription is a dominant source of the local generation of superhelicity, the relative orientation of neighboring genes determines how transcription of one may affect the activity of its neighbor by supercoilingmediated coupling. For divergently transcribed genes, negative superhelicity may be transmitted from an active gene to the neighboring promoter and thereby facilitate its activation (Hatfield and Benham 2002) . Conversely, for convergently transcribed genes, positive superhelicity would be propagated between the neighbors. In the E. coli chromosome, these effects are pervasive (Sobetzko 2016) . The expression of about half of the E. coil genes is sensitive to variations in DNA superhelicity (Blot et al. 2006) , such that some (hyp) genes require high superhelical densities for activation, whereas other (rel) genes respond to low superhelical densities. Analysis of these genes showed that hyp genes were enriched in divergently oriented direct neighbors with small intergenic regions, whereas rel genes were enriched in arrangements with a close convergent direct neighbor. The close proximity of divergent neighbors for hyp genes and close convergent neighbors for rel genes indicated an efficient transmission of positive and negative supercoiling for transcription-mediated coupling of sensitive genes (Sobetzko 2016) . Nevertheless, in bacteria, in addition to transcription-dependent torsional coupling, the maintenance of negative superhelical density by DNA gyrase is also crucial for the regulation of gene expression. Notably, the colocalization of gyrase binding sites with highly active and highly supercoil-dependent rrn genes (Sobetzko et al. 2012 (Sobetzko et al. , 2013 ) implies a more nuanced complexity of regulation.
In eukaryotes, genome-wide expression analysis studies have demonstrated the coexpression of adjacent genes in yeast (Kruglyak and Tang 2000) as well as in plants (Williams and Bowles 2004) and mammals (Semon and Duret 2006) . Among these coexpressed pairs, divergent genes were found to be the most frequent as well as more strongly expressed and highly correlated (Cohen et al. 2000a; Wang et al. 2011 ). However, in higher eukaryotes, the gene length may exceed the distance for superhelicity propagation and so minimize the effects of convergent transcription. By focusing on Drosophila melanogaster gene pairs, whose relative promoter spacing would be expected to preclude any transcriptionally induced torsional effects from other neighboring genes, Meyer and Beslon (2014) demonstrated that coupled expression correlated strongly with divergently transcribed pairs consistent with torsional coupling.
In this context, relative gene orientation has consequences not only for expression but also for chromatin structure. This is particularly relevant to convergently transcribed genes, where, if the intervening distance is short, positive superhelicity transmitted into the neighboring gene could disrupt chromatin structure by affecting the stability of protein-DNA complexes. For example, positive superhelicity could p o t e n t i a l l y u n w r a p n u c l e o s o m a l D N A . I n b o t h Saccharomyces cerevisiae and Drosophila melanogaster, the occurrence of topological barriers in the form of topoisomerase II binding sites in the intergenic region would potentially minimize such disruption and, at the same time, reduce torsional coupling of expression (Adryan et al., unpublished observations) .
In addition to their effects on local chromatin structure and coupled gene expression, gradients of superhelicity generated by DNA translocases may affect both the nature of bound proteins and the ordering of their assembly. This is because how DNA binding proteins constrain negative superhelicity can differ substantially, in particular in the context of the twist-writhe partition. For example, both the HMG domain and the TATA binding protein (TBP) bind to untwisted DNA while proteins such as the bacterial FIS protein, as well as histones stabilize negative writhe with little, if any, change in the intrinsic DNA twist (Zivanovic et al. 1988 ). Yet others, for example the bacterial HU protein, potentially stabilize negatively supercoiled DNA, which is both untwisted and negatively writhed (Guo and Adhya 2007) . The bacterial RNA polymerase is different again. At certain promoters, initial contacts constrain negative writhe but subsequently the DNA in the −10 promoter region is untwisted, resulting in a greater constraint of negative superhelicity (Amouyal and Buc 1987) . In contrast, during transcription elongation, the principal constraint is imparted by the unwound transcription bubble.
Differences in the twist-writhe ratio recognized by proteins constraining negative superhelicity can provide important clues to function. The existence of local gradients of superhelical density in the vicinity of DNA translocases implies that, as the DNA superhelical density varies over a wide range, the nature of the unconstrained superhelicity-the twist-writhe partition-must also vary, with writhe favored at the lower densities. However, in principle, proteins that constrain negative superhelicity might be expected to bind preferentially to DNA within a narrow range of superhelical density, as has been shown for the FIS protein, which favors a low negative superhelical density (Schneider et al. 1997 ). There is unfortunately little information available for other proteins, but another possible example would be the eukaryotic HMG domain, which, in addition to being the principal component of the small HMGB proteins (Thomas and Travers 2001) , is found in certain subunits of chromatin remodeling complexes (Quinn et al. 1996) and of transcription elongation complexes (Orphanides et al. 1999; Brewster et al. 2001; Formosa et al. 2001; Mason and Struhl 2003) . The small HMGB proteins themselves may also play an essential role in these processes (Moreira and Holmberg 2000) . Common to these processes is their mediation by powerful DNA translocases, e.g., RNA polymerase or the motor subunit of remodeling complexes. The negative superhelical density produced by such assemblies is likely to be highest closest to the generation site and so will favor the binding of proteins which preferentially interact with supercoiled DNA with a twist-writhe partition more favorable to untwisting. In eukaryotes, upstream binding factor, a multisubunit assembly of simple HMG domain proteins, is preferentially associated with highly active transcriptons, including both rRNA genes and certain genes transcribed by RNA polymerase II (Diesch et al. 2015) . In bacteria, HU may play, in part, a similar role to the HMG domains. However, unlike HMGB proteins, there is evidence that HU can also compact DNA into a fiber (Rouvière-Yaniv et al. 1979) in which the DNA is wrapped in a left-handed sense (Guo and Adhya 2007) . Although negative superhelicity can promote transient strand separation in particular sequences , it is only one of several mechanisms that may potentially create short stretches of DNA lacking continuous base pairing. Both HU and the HMGB proteins also bind with high affinity to, for example, Holliday junctions, DNA bulges and cis-platin-modified DNA (Balandina et al. 2002; Thomas and Travers 2001; Malarkey and Churchill 2012) . Many studies of HMG domain-containing proteins have emphasized their ability to bend DNA by ∼90° (Jamieson et al. 1999; Lorenz et al. 1999) . Such bending results from intercalation into a single DNA strand and, as in the case of DNA bulges, may simply be a concomitant of untwisting.
Any differentiation of the binding preferences of proteins that stabilize different superhelical densities could be reflected in the timing of their binding after the passage of a DNA translocase. Such proteins would stabilize DNA structures that are naturally present in DNA as a consequence of translocase activity rather than simply inducing such structures. For example, like the HMG domain, TBP intercalates aminoacids between base-pairs and stabilizes untwisted DNA (Kim et al. 1993a, b; Juo et al. 1996) . This structural preference for untwisted DNA is emphasized by its potentiation by flanking untwisted cis-platin lesions (Cohen et al. 2000b) . In contrast, the DNA wrapped on the histone octamer is writhed but its intrinsic twist differs little, if at all, from that of relaxed DNA (Zivanovic et al. 1988) . The different structural binding preferences of TBP and the histone octamer imply that, where both are present, TBP will likely bind closer to, for example, a transcribing polymerase than the histone octamer, and in so doing maintain chromatin organization.
Because both negative and potentially superhelicities are generated by moving translocases, the maintenance of DNA compaction upstream and downstream could be facilitated by protein-DNA complexes that have the potential to constrain both positive and negative supercoils. The chromatin fiber containing histone octamers, with or without the linker histone, has this property (Recouvreux et al. 2011) . However, positive superhelicity may also promote the dissociation of H2A/H2B dimers, thus promoting transcription elongation by loosening DNA wrapping (Sheinin et al. 2013) . In bacteria, the octameric form of a mutant HUα protein has also been shown to constrain positive supercoils (Kar et al. 2006 ), although there is no direct evidence that the wild-type protein has this capability. In this context, an important parameter would be the relative stability of the complexes constraining positive or negative supercoils.
Nucleoprotein complexes
The crucial role of the superhelical density of DNA as a determinant of DNA binding means that it is also a critical factor in the structure and function of higher-order nucleoprotein complexes. Not only can the negative superhelicity stored in packaging complexes be released as unconstrained superhelicity facilitating DNA untwisting but also constraint in higher-order structures maintains DNA compaction. These twin functions are potentially coordinated by DNA translocases, which, in bacteria, may act in concert with DNA gyrase. Superhelicity per se is not essential to maintain DNA compaction. In E. coli, the nucleoid body in late stationary phase is very compact, even though the average superhelical density is low (Frenkiel-Krispin et al. 2001) . Similarly, when HeLa cells are deprived of energy, the chromatin compacts, yet, in this case, there is no evidence for a structurally distinct chromatin fibre (Visvanathan et al. 2013 ).
FIS-RNA polymerase complex
One of the first examples of the effect of superhelical density on the structure of higher-order nucleoprotein assemblies was reported about two decades ago in a study of a nucleoprotein complex formed by the abundant bacterial nucleoid-associated protein (NAP) FIS. It was shown that FIS preferentially binds the supercoiled DNA from the intermediate fraction and much less so from the extremes of the topological spectrum (Schneider et al. 1997 ). This preference is associated with geometrical constraints imposed by local DNA geometry on the binding of closely spaced helix-turn-helix DNAbinding motifs of FIS (Stella et al. 2010) , such that the FIS molecule can be conceived as a wedge fixing a particular DNA geometry in which the two adjacent major groves are in close proximity. This local geometry can be achieved by DNA bending, which in turn requires strategically placed flexible base-steps characteristic of the consensus FIS binding motif (Lazarus and Travers 1993) .
The functional relevance of this local feature has been demonstrated on the example of upstream activating sequences (UAS) of stable RNA promoters containing three or more FIS binding sites arranged in helical register. The activity of such promoters, including those directing both ribosomal and transfer RNA synthesis, is highly dependent on negative superhelicity (Oostra et al. 1981; Lamond 1985; Rochman et al. 2002) . FIS activates these promoters by binding highly cooperatively (Pemberton et al. 2002) and constrains a particular three-dimensional configuration of the UAS as a higherorder nucleoprotein complex. In this complex, about 80 bp of DNA are wrapped as a tightly bent DNA microloop with low helical pitch. The DNA is wrapped as a single turn of a lefthanded supercoil of similar dimensions to the superhelical turns in the eukaryotic nucleosome (Maurer et al. 2006) . Disruption of the phasing of FIS binding sites abolishes both the higherorder complex formation and activation by FIS (Muskhelishvili et al. 1995 . Consistent with this structure, the absence of FIS can be compensated by increased negative superhelicity leading to the hypothesis that FIS acts as a topological homeostat, stabilizing the local writhe conducive for untwisting of the GC-rich stable RNA promoters (Rochman et al. 2002; Muskhelishvili and Travers 2003) . At the same time, FIS was found to repress the expression of the genes encoding DNA gyrase (Schneider et al. 1999 ). Thus, in this case, a major DNA architectural protein coordinates the global and local structure of the DNA. Repression of gyrase under high ATP/ ADP ratios in rich medium prevents accumulation of excessive negative superhelicity, which is not only energy consuming but also potentially detrimental for the cell, whereas stabilization of the writhed configuration of the DNA in the UAS regions of stable RNA promoters ensures high activity of the rrn operons required for fast growth. Since, as mentioned above, the binding of FIS itself depends on negative superhelicity, it can be readily seen in this example how the variation of supercoiling level can homeostatically regulate itself by determining the activity of distinct components (FIS, in this example) of the genetic system.
The nucleoprotein complex formed at the tyrT promoter comprises not only FIS but also RNA polymerase. The formation of this complex is initiated by a cooperative interaction between the polymerase and a FIS dimer positioned at the proximal binding site leading to the recruitment of further FIS dimers (Pemberton et al. 2002 ). Yet, even in the absence of FIS, polymerase can interact with the upstream region constraining a negative superhelical loop comprising about 150 bp of DNA (Pemberton et al. 2002; Maurer et al. 2006 ). This interaction is itself potentiated by negative superhelicity (Pemberton et al. 2002) .
The complex of three FIS dimers on the tyrT-UAS is dynamic and is strongly influenced by the process of transcription initiation. The cooperative binding of FIS to three sites coincides precisely with its stimulation of transcription initiation. However, polymerase binding is accompanied by an initial loss in the characteristic footprinting signature of FIS bound to site II, suggesting a change in the interaction, perhaps a dissociation, of FIS bound at that site (Pemberton et al. 2002) . One possibility is that this change accompanies untwisting of the DNA in the −10 promoter region by RNA polymerase, a process that would require transmission of negative superhelicity within the complex (Travers and Muskhelishvili 1998) (Fig. 5) .
The loop of upstream DNA in an E. coli RNA polymerasepromoter complex is not restricted to stable RNA promoters. It has also been inferred to be present in polymerase complexes formed at the lac promoter (Amouyal and Buc 1987; Buckle et al. 1992; Rivetti et al. 1999) , although in these cases the loop is likely considerably shorter (∼90 bp compared to 140- Reproduced from Muskhelishvili and Travers (2013) with permission 150 bp for stable RNA promoters) and no dependence on DNA superhelicity has been tested.
The dependence of promoter activity in vitro on the superhelical density is strongly influenced by structural modifications induced by DNA supercoiling (Bertrand-Burggraf et al. 1984) . In vitro, optimal activity is observed over a narrow range of superhelical density (Stirdivant et al. 1985; Auner et al. 2003) . As the density increases, activity reaches a maximum and then declines such that the activity maximum is different for different promoters. For example, the E. coli fis promoter has a higher optimum superhelical density than the wild-type tyrT promoter (Schneider et al. 2000; Auner et al. 2003) . Similarly, mutations in the tyrT promoter that improve the fit of the promoter sequence to the consensus lower the optimal value of the superhelical density (Auner et al. 2003) . A possible explanation of this effect is that the effect of negative superhelicity on promoter activity is a balance between the facilitation of open complex formation and reduction in the rate of promoter clearance.
30-nm fiber
In mammalian nuclei, the decompaction of chromatin is accompanied by the release of unconstrained negative superhelicity (Naughton et al. 2013) . As in bacteria, this phenomenon is indicative of torsional storage in compact chromatin. How is this torsion stored and how might it be generated?
The first hierarchical folding of an array of nucleosomes is the 30-nm fiber (Olins and Olins 1974; Oudet et al. 1975; Finch and Klug 1976) . In this structure, nucleosomes are coiled into one or more helical stacks with the linker histone located in the interior of the fiber (Dimitrov et al. 1987; Graziano et al. 1994) . The unfolding of the fiber is believed to be a necessary step for transcriptional competence, while further folding to higher-order structures is required to achieve the degree of compaction necessary for most nuclear packaging. Nevertheless, although the fiber is well characterized in vitro, the question of its in vivo significance is still much debated (Maeshima et al. 2010; Fussner et al. 2011; Hansen 2012; Ghirlando and Felsenfeld 2013) . In particular, no higher order structures, including the 30-nm fiber, are observed by cryo-electron microscopy in native mitotic chromosomes (Eltsov et al. 2009; Nishino et al. 2012) , nor are they apparent in nuclei of tissue-culture cells analyzed by correlative electron spectroscopic imaging (Ahmed et al. 2010). As originally described, the 30-nm fibrr contains one or more helical stacks of nucleosomes with an eponymous diameter of approximately 30 nm (Finch and Klug 1976) (Fig. 6) . Such a structure could, in principle, constrain superhelicity in addition to that constrained directly by nucleosomes. A direct demonstration of such constraint was provided by the mechanical application of negative torsion to a regular array of nucleosomes with a 200-bp nucleosome repeat length (NRL) in the presence of a linker histone (Recouvreux et al. 2011) . Under these conditions, the maximal negative constraint was ∼1.7 superhelical turns/nucleosome. This value is comparable to that obtained for the superhelicity constrained by an isolated chromatosome containing a single histone octamer and one molecule of linker histone (Zivanovic et al. 1990) , and greater than the value of ∼1.1 for an octamer alone (Zivanovic et al. 1988) .
What is the structure of the fiber that constrains negative superhelicity? Whether the helical form of the 30-nm fiber is a 1-start helix or solenoid (Finch and Klug 1976; Thoma et al. 1979; Felsenfeld and McGhee 1986 ) with a single stack of nucleosomes, a 2-start helix with two continuous stacks (Williams et al. 1986; Bordas et al. 1986a, b; Woodcock et al. 1984; Worcel et al. 1981) analogous to DNA, or a multi-start helix (Daban and Bermúdez 1998) , or whether fibers with different NRLs differ in topology (Wong et al. 2007) has been extensively debated. There is now compelling experimental evidence that the '30-nm' fiber can adopt a 2-start structure. In addition to early EM images (Woodcock et al. 1984) , a 2-start structure is supported by Fourier analysis of images of chromatin fibers (Williams et al. 1986 ), chemical crosslinking (Dorigo et al. 2004) , the crystal structure of a tetranucleosome (Schalch et al. 2005) , cryo-EM of native fibers (Bednar et al. 1998) , cryo-EM structures of reconstituted fibers containing up to 24 nucleosomes (Song et al. 2014) , and cryo-tomographic analysis of native chromatin (Horowitz et al. 1994; Scheffer et al. 2011) . Nevertheless, early studies on various native chromatin samples by photochemical dichroism (Sen et al. 1986 ) and X-ray diffraction (Widom and Klug 1985; revealed, respectively, a small tilt of the nucleosomal disc relative to the fiber axis and narrow diffraction arcs at 110 Å. Together, these observations Fig. 6 Formation of compact 30-nm fibers driven by increasing negative superhelicity. With increasing coiling, the two nucleosome stacks of a 'relaxed' fiber (a) with ∼6 nucleosome/turn interdigitate (b) to form a compact fiber (c). Reproduced from Wu et al. (2016) with permission suggested a helical structure with a low pitch, more consistent with a 1-start model. More recently, EM and cryo-EM measurements on the dimensions of more compact reconstituted fibers covering a wide range of linker lengths led to the proposal of a 1-start interdigitated structure . Unexpectedly, the data revealed a step-wise increase in fiber packing density and diameter. Modeling of these fibers predicted the existence of multi-start fibers with several nucleosome stacks Wong et al. 2007; Depken and Schiessel 2009; Kepper et al. 2008 ), but did not provide a uniform explanation for the observed step-wise changes in fiber parameters.
These apparent contradictory interpretations can be reconciled by assuming that negative superhelicity drives the interdigitation of the two nucleosome stacks in a 2-start structure to form a single continuous left-handed one-start structure with a low pitch (Fig. 6) (Wu et al. 2016) . It is this interdigitation which is responsible for the step-wise changes in fiber parameters. However, the coil d iffers from a solenoid in that the dyad axes of adjacent nucleosomes alternate, whereas in a true solenoid these axes are all orthogonal to the superhelical axis. The structure thus retains the 2-start topology of the DNA while assuming a 1-start morphology. For NRLs in the range of 185-210 bp in the most compact 1-start stack, a nucleosome is flanked on one side by a nucleosome separated from it by 5 nucleosomes in the linear array, and on the other side by a 7-nucleosome separation. These values are consistent with recent cross-linking studies on condensed fibers (Grigoryev et al. 2016) .
In its most compact form, this fiber constrains ∼1.6-1.7 superhelical turns/nucleosome (Wu et al. 2016 ). This result is at variance with the early observation that linker histones do not increase the negative superhelicity constrained by a nucleosome array (Keller et al. 1978) . However, in these latter experiments, only Na + ions were present and, consequently, full compaction would not be attained (Widom 1986) .
The NRL itself is another important variable for chromatin fiber structure. In vivo, this can vary from ∼154 bp in Schizosaccharomyces pombe chromatin (Lantermann et al. 2010) to ∼240 bp in the sperm of certain echinoderms (Spadafora et al. 1976; Zalenskaya et al. 1981; , the most widespread naturally occurring NRLs being in the range of 186-208 bp. However, the NRLs reported for in vivo chromatin fibers are average values and do not necessarily imply regular spacing of nucleosomes. The variation in NRL in principle affects the superhelical constraint of the fiber. This is because the superhelical constraint from the coiling of the fiber is proportional to (1-sinγ), where γ is the angle between the linker DNA and the normal to the superhelical axis. As the fiber compacts, γ decreases and hence the fiber becomes more supercoiled (Wu et al. 2016) . However, packing constraints suggest that, for fibers with short NRLs (e.g., 167 and 177 bp), the pitch angle is higher (Routh et al. 2008 ) and, therefore, these fibers in principle constrain less negative superhelicity. Importantly, this same principle implies that, as the fiber untwists, unconstrained negative superhelicity can be released, while conversely increasing compaction results in greater constraint.
In the context of active chromatin, constraint of negative superhelicity by a chromatin fiber provides a mechanism for maintaining compaction. Ahead of an advancing polymerase, positive superhelicity will both decompact the fiber and, in principle, unwrap nucleosomes, while behind it, both nucleosomes and the fiber will be reformed. In bacteria, it is likely, that a similar principle operates. One of the principal NAPs in E. coli and other bacteria for maintaining compaction in an active nucleoid is HU (Hammel et al. 2016 ), a protein that both binds untwisted DNA and has the potential to form higher-order fibers (Guo and Adhya 2007) . The functional effect of this NAP is linked to transcriptional activity (Berger et al. 2010) , and the dominant paralogues vary with different stages of the growth cycle such that the dominant form in stationary phase constrains little superhelicity (Bordes et al. 2003) . Both these characteristics suggest a coupling between HU activity and DNA superhelicity.
H-NS nucleoprotein complexes
H-NS is an abundant bacterial NAP, but, unlike HU, which is believed to constrain a toroidal DNA structure analogous to that in a nucleosome (Rouvière-Yaniv et al. 1979; Guo and Adhya 2007) , H-NS complexes can bridge two DNA duplexes (Dame et al. 2000) and concomitantly stabilize the plectonemic form of negatively supercoiled DNA (Schneider et al. 2001) . In vivo, two principal functions have been ascribed to H-NS: as a repressor of certain genes and gene clusters located in A/T-rich regions of the genome (Navarre et al. 2006; Ouafa et al. 2012) , and as a domainin, assumed to function by stabilizing barriers between distinct topological domains (Hardy and Cozzarelli 2005) . Both functions are compatible with the structures assumed by plectonemically coiled DNA superhelices. Although in a plectoneme H-NS can bridge the two component duplexes, the binding of the protein is nucleated on one strand by an A/T-rich sequence (Bouffartigues et al. 2007; Lang et al. 2007; Dorman 2007 ). H-NS binding can then spread to adjacent regions of similar base composition, forming a nucleofilament. Although such an unbridged structure is likely bent in the form of a righthanded coil, it would not by itself constrain negative superhelicity. Indeed, such writhing would be more consistent with a small positive constraint, analogous to the fibers formed by DnaA (Dong and Berger 2007) .
Experimental data has been interpreted to suggest that nucleofilament formation-a stiff complex-occurs in the absence of a polyvalent cation such as magnesium, while such a cation potentiates plectoneme formation and stabilization (Lim et al. 2014) . However, in vitro, ionic composition also strongly affects the plectonemic configuration of supercoiled DNA alone (Bednar et al. 1994; Gebe et al. 1996; Rybenkov et al. 1997) . The structure of the plectoneme is more 'open' at low concentrations of monovalent cation, while the addition of millimolar concentrations of magnesium, facilitate the close approach of two duplexes in the supercoiled structure (Gebe et al. 1996) , possibly by neutralizing the negative charges on the DNA backbone. This is analogous to the eukaryotic 30-nm fiber, where full compaction is only observed in the presence of a polyvalent cation, either magnesium or hexamminecobalt (Widom 1986; Wu et al. 2016 ). This compaction is destabilized by monovalent ions (Widom 1986) . In this case, the likely explanation is that the divalent ions facilitate the close approach of the linker DNAs in the cenete of the fiber.
DNA bridging in a supercoiled DNA environment is not confined to abundant proteins such as H-NS. Both AraC and the lac repressor act as bivalent DNA-binding proteins and stabilize a supercoiled loop (Lee and Schleif 1989; Bellomy et al. 1988) . Similarly, the dimeric GalR protein, which wraps DNA, specifically binds to the O E and O I operators of the E. coli galactose operon to form a short loop in the presence of HU protein (Lia et al. 2003) . For short loops of this type, the two DNA binding sites are normally on the same face of the double helix such that the distance between them can only be varied by an integral number of double helical turns. The formation of the GalR loop requires both negatively supercoiled DNA and HU (Lia et al. 2003) . Simulations of the binding of HU to the GalR and LacR loops indicate that DNA superhelicity can direct the binding of HU to a specific site within the loop and confer an optimal trajectory on the looped DNA for loop closure by the repressor protein (Wei et al. 2014) . By untwisting constrained DNA, HU has the potential to alter the average helical repeat in the loop and so enable optimal interactions. Such modulations might also potentially influence the topology of the loop itself (see, e.g., Geanacopoulos et al. 2001) .
The stabilization of such loops implies that proteins like LacR can act as topological barriers delimiting independent topological domains, a phenomenon which has been experimentally verified in vitro (Leng et al. 2011) . The specific bridging of separated sites by LacR and AraC may be compared to the bridging of a plectoneme by H-NS and suggests a mechanism whereby H-NS acts as a domainin by simultaneously securing two distant DNA sequences (Fig. 7) .
Site-specific recombination complexes DNA supercoiling impacts all DNA transactions, including DNA recombination (Chi et al. 2006; Kobayashi et al. 2009; Banda et al. 2016) . Among recombination systems, the most pervasive impact of DNA superhelicity has been revealed in studies of various site-specific recombination reactions involving formation of higher-order nucleoprotein complexes (Griffith and Nash 1985; Abremski and Hoess 1985; Kanaar et al. 1989; Benjamin et al. 1996; Crisona et al. 1999; Kelly et al. 2006; Trigueros et al. 2009 ). In vitro, these reactions respond not only to variations in the supercoiling level of DNA substrate (Castell and Halford 1989; Lim and Simon 1992 ) but also to negative superhelicity accumulated in the wake of translocating RNA polymerase according to the twin-supercoil domain model (Dröge 1993) . The response of site-specific recombination to the variable strength of transcription has been observed also in vivo (Booker et al. 2010) .
A critical requirement of site-specific recombination reactions is the control of their directionality. Indeed, failure of the selective channeling of particular recombination reactions toward producing fusions, deletions or inversions may be harmful or even detrimental for the cell. These reactions are normally catalyzed by a tetramer of recombinase enzyme binding specific sites organized either as inverted or direct repeats and juxtaposing the partner duplexes in close proximity within the so-called synaptic complex, or synaptosome. Synaptosome formation is often assisted by DNA architectural proteins determining the trajectory of the DNA in the complex which, on its assembly, stores negative superhelicity by trapping DNA crossings (Richet et al. 1988; Kanaar et al. 1989; Kelly et al. 2006) . Recombination leads to loss of stored negative superhelicity, the energy of which is assumed to drive the strand exchange. Determination of the resultant ΔLk, by sharply limiting the acceptable mechanisms of strand exchange, facilitated the identification of the structure of synaptic complexes (Stark et al. 1989; Kanaar et al. 1989; Crisona et al. 1999; Canosa et al. 2003) . In that sense, analyses of topological constraints imposed on intramolecular reactions catalyzed by the invertase/resolvase family of recombinases turned out to be most informative.
In the synaptosomes stabilized by invertases and resolvases, two dimers of recombinase protein bind specific LacR H-NS Fig. 7 Possible mechanism of delimitation of topological domains by a lacR and b H-NS. Adapted from Leng et al. (2011) DNA sites organized, respectively, as inverted and direct repeats. For effective reaction, the DNA must be negatively supercoiled and the sites must be located in the same topological domain. In the invertasome, the recombinase dimers form a tetramer interacting with accessory DNA architectural protein FIS, whereas in the resolvosome the enzymatically active tetramer is associated with inactive recombinase tetramers and/or DNA architectural proteins bound at the adjacent accessory/regulatory DNA sites (Mouw et al. 2008; Johnson 2015; Rice 2015) . Consistent with the notion that DNA supercoiling increases the probability of juxtaposition of three DNA sites at branch points (Vologodskii and Cozzarelli 1996) , the invertasome is assembled at a branch point in the negatively supercoiled DNA substrate on juxtaposition of three DNA sites, two recombination sites bound by the invertase tetramer, and the FIS-bound recombinational enhancer sequence (Johnson and Bruist 1989; Dhar et al. 2009 ). This specificity of structural organization acts as a Btopological filter^imposing control on the alignment of recombination sites in the synaptic complex and, thus, in conjunction with stored negative superhelicity, imparting directionality on the reaction (Crisona et al. 1994; Dhar et al. 2009 ). DNA supercoiling energy plays an important role in this process, since any attempt to properly align recombination sites arranged in improper orientation in the substrate DNA (e.g., in the case of sites organized as direct repeats, instead of inverted repeats in an inversion substrate) would impose an energetic penalty by demanding introduction of an extra loop into the DNA. Indeed, when symmetric recombination sites are used for invertasome assembly (i.e. sites which preclude the distinction between direct and inverted repeats), the recombination reaction generates inversions, rather than deletions, underscoring the role of DNA supercoiling in determining the directionality of reaction (Moskowitz et al. 1991) . However, it is noteworthy that, under permissive conditions and with knotted DNA substrates, the unique direction of strand exchange by resolvase has been attributed to the trajectory of DNA in the synaptosome, rather than to global topology (Dröge and Cozzarelli 1989) . DNA superhelicity not only facilitates the assembly of productive synaptic complexes but also the local untwisting of DNA associated with cleavage of recombination sites (Klippel et al. 1993; Benjamin et al. 1996; Lim et al. 1997) . Two lines of evidence support this notion. First, the Bpermissive^inver-tase mutants, which both loose directionality and also cleave the DNA independent of the FIS-recombinational enhancer complex, show an increased untwisting of the recombination sites (Klippel et al. 1993) . Second, a mutation of the invertase binding site has been identified that binds the invertase only if the DNA is supercoiled, whereby, under the influence of supercoiling, this mutation facilitates local untwisting of the recombination site (Bae et al. 2006 ). These observations together with strict topological requirements of productive invertasome assembly strongly suggest a direct link between the global topology of the synaptic complex and the local geometry of recombination sites.
Although the sequential steps of recombination reaction catalyzed by members of invertase/resolvase family, such as the pairing of recombination sites, assembly of synaptic complexes, cleavage of DNA and, finally, strand exchange, may differ in their dependence on the topology of DNA (Castell and Halford 1989; Lim and Simon 1992; Benjamin et al. 1996) , it is likely that, overall, the DNA torsional energy stored in the form of trapped negative crossover nodes in the synaptic complex, in conjunction with chirality of supercoiling and particular DNA trajectory stabilized by architectural proteins, is determinative for the efficiency and directionality of the reaction. This might also apply to integrative recombination catalyzed by the phage λ integrase (Thompson et al. 1988; Crisona et al. 1999) , as well as other reactions catalyzed by the members of integrase superfamily of site-specific recombinases (Abremski and Hoess 1985; Dove and Dorman 1994; Corcoran and Dorman 2009 ). On the other hand, the recombination by C-terminally-modified SSV1 virus integrase from a thermophilic archaeon characterized by positively supercoiled DNA is more efficient with fully relaxed/linear DNA substrates, and is also directionally highly promiscuous in vitro (Muskhelishvili et al. 1993) , implicating additional, presently unknown, factors in imparting directionality on the SSV1 integrase-driven recombination in vivo (Schleper et al. 1992 ).
The role of DNA superhelicity in chromatin dynamics
We have argued that DNA supercoiling in both the eukaryotic nucleus and bacterial nucleoid is a major determinant of chromatin organization (Teves and Henikoff 2014) , responsible not only for the structure of nucleoprotein assemblies involved in transcription and recombination but also for facilitating the dynamics of processes mediated by DNA translocases and, thus, for coordinating the genetic activity. For example, DNA supercoiling facilitates both transcription initiation and elongation in a chromatin environment. This relationship is reciprocal, as the DNA translocases themselves have the potential to generate superhelicity by the Liu-Wang mechanism. Crucially, asymmetry in the storage and relaxation of positive and negative supercoils generally results in preferential constraint of negative, but not positive, supercoils in genomic DNA. This stored superhelicity is then available to potentiate gene expression, which is fine-tuned by spatial organization and relative orientation of the transcriptons. DNA superhelicity thus both reflects and drives a dynamic flux of different structural chromatin states such that, ultimately, DNA can affect its own metabolism (Fogg et al. 2012) .
